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Nuclear magnetic resonanceP7 is a small membrane protein that is essential for the infectivity of hepatitis C virus. Solution-state NMR
experiments on p7 in DHPC micelles, including hydrogen/deuterium exchange, paramagnetic relaxation
enhancement and bicelle ‘q-titration,’ demonstrate that the protein has a range of dynamic properties and
distinct structural segments. These data along with residual dipolar couplings yield a secondary structure
model of p7. We were able to conﬁrm previous proposals that the protein has two transmembrane segments
with a short interhelical loop containing the two basic residues K33 and R35. The 63-amino acid protein has
a remarkably complex structure made up of seven identiﬁable sections, four of which are helical segments
with different tilt angles and dynamics. A solid-state NMR two-dimensional separated local ﬁeld spectrum of
p7 aligned in phospholipid bilayers provided the tilt angles of two of these segments. A preliminary
structural model of p7 derived from these NMR data is presented.r magnetic resonance; DHPC,
uclear Overhauser effect; PRE,




polar index slant angle; ER,
La Jolla, CA 92093-0307, USA.
ll rights reserved.© 2010 Elsevier B.V. All rights reserved.1. Introduction
Hepatitis C virus (HCV), a member of the Hepacivirus Flaviviridae
family of viruses, infects more than 170 million people worldwide.
Infection by HCV is persistent, often leading to chronic hepatitis
resulting in cirrhosis and hepatocellular carcinoma [1]. Since there is
currently no vaccine for the virus and the limited available treatments
are ineffective and costly [2–5], studies of its proteins are essential in
order to advance their potential as targets of antiviral drugs. In HCV, a
single stranded RNA of 9.6 kb is translated into a 3000-amino acid
polypeptide that is proteolytically cleaved into 10 mature proteins; 3
structural proteins (E1, E2, and core), 6 nonstructural proteins (NS2–
NS5), and a small 63-amino acid membrane protein (p7) that is the
subject of the studies described in this article [6,7]. p7 appears to have
characteristics of a viroporin, a class of small virus-encoded
hydrophobic proteins that oligomerize and form ion channels,
modifying membrane permeability [8]. Although p7 does not appear
to be directly involved in the replication of the virus, its role in the latesteps of virus particle assembly and release make it essential to the
HCV lifecycle [9,10]. It has been proposed that p7 has a hairpin
structure with a short loop containing two highly conserved basic
residues between two transmembrane segments [11,12]. It has been
shown to exhibit channel activity in planar phospholipid bilayers and
that this activity can be blocked by a variety of compounds including
amantadine [13], amiloride [14], and a number of imminosugar
derivatives [15], demonstrating its potential as a target for drugs.
Recently, structural analysis of p7 by single-particle electron micros-
copy yielded a density map with resolution of ~16 Å [16].
NMR spectroscopy is capable of describing the dynamics of p7 and
determining its structure at atomic resolution. The challenge is in
performing these studies in lipid environments that resemble those of
native biological membranes. Previously, we described the expres-
sion, puriﬁcation, and sample preparation of p7 in micelle and bilayer
environments suitable for nuclear magnetic resonance (NMR)
spectroscopy. The two-dimensional 1H–15N heteronuclear single
quantum coherence (HSQC) spectrum of uniformly 15N-labeled full-
length p7 in DHPC (1,2-dihexyl-1-sn-glycero-3-phosphocholine)
micelles is well resolved, and is a starting point for informative
solution NMR experiments. Heteronuclear 1H–15N nuclear Over-
hauser effect (NOE) measurements are sensitive indicators of local
dynamics of the polypeptide backbone [17]. The hydrogen/deuterium
exchange of amide sites can be monitored for individual residues and
provide information about solvent accessibility and structural stability
[18]. The measurement of paramagnetic relaxation enhancement
(PRE) with the use of paramagnetic probes measures the surface
accessibility of individual residues [19,20]. We ﬁnd the ‘q-titration’
experiment, where the ratio of long chain to short chain lipids that
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the global and local backbone dynamics of membrane proteins [21].
The chemical shifts of backbone resonances that differ from random-
coil values are valuable indicators of secondary structure [22]. In
addition, the measurement of residual dipolar couplings (RDCs) from
weakly aligned samples in stressed polyacrylamide gels can provide
angular information that yields deﬁnitive structural information
about the length, relative orientation, presence of kinks, and other
features of α-helices [23–25]. Although each of these methods has
limitations, taken together they provide a consistent picture of the
secondary structure of p7 in DHPC micelles. Combined with initial
solid-state NMR results on p7 in magnetically aligned phospholipid
bilayers, we present a preliminary model of the architecture of p7 in
membranes environments.
2. Materials and methods
2.1. Protein preparation
The expression and puriﬁcation of isotopically labeled p7 protein
was performed as previously described [26]. The DNA sequence
corresponding to p7 of HCV genotype J4 was ligated into the
expression vector pHLV containing the fusion partner TrpΔLE
[27,28]. The fusion protein was overexpressed in Escherichia coli.
The standard M9 minimal media included 15N-labeled ammonium
sulfate and/or 13C-labeled glucose to produce uniformly isotopically
labeled samples (Cambridge Isotope Laboratories, www.isotope.com).
The cells were harvested by centrifugation and lysed using sonication;
the inclusion bodies were then isolated and solubilized in 6 M
guanidine hydrochloride and Tris buffer. The fusion protein was
puriﬁed by nickel afﬁnity chromatography. The eluted polypeptide
was dialyzed against water, lyophilized, and cleaved at the single Met
residue using cyanogen bromide in 70% formic acid. The cleaved
material was dialyzed and then lyophilized. The polypeptide with the
sequence corresponding to p7 was separated from the fusion partner
by size exclusion FPLC in sodium dodecyl sulfate (SDS) and sodium
phosphate buffer. The sample of p7 was then exhaustively dialyzed to
remove SDS and then lyophilized. The dried powderwas stored at 4 °C
before sample preparation for the NMR experiments.
2.2. NMR sample preparation
The samples for solution NMR were prepared by dissolving the
protein powder in a 0.4 M solution of DHPC (Avanti Polar Lipids,
Inc., www.avantilipids.com). The sample was vortexed until clear,
and then diluted with water and deuterium oxide (D2O) to make
the ﬁnal concentration 125 mM DHPC and 10% D2O. The pH of the
sample was adjusted to 4.0 with the addition of a small amount of
0.1N NaOH, and then transferred to a standard 5-mm outer
diameter NMR tube.
The samples for the deuterium fractionation experiments were
prepared by ﬁrst lyophilizing the NMR sample, redissolving it in
various ratios of D2O to H2O, and sonicating it for 1 hour before
transferring it back to the NMR tube. The 1H–15N HSQC spectra were
recorded immediately. Samples were made with D2O concentrations
of 10%, 25%, 50%, 75%, 90%, 95%, and 99%.
The samples for paramagnetic relaxation enhancement experi-
ments were prepared by adding chelated manganese to the protein/
micelle solution. Mn(II) was chelated by dissolvingmanganese sulfate
in a solution of 0.5 M ethylenediaminetetraacetic acid (EDTA) at
pH 8.0. After a white precipitate formed, the mixture was centrifuged,
and the pellet containing the chelated metal Mn2+-EDTA was
washed twice with methanol and once with ethanol. The dried
complex was weighed, dissolved in 1 M HEPES (4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid) buffer (pH 8.3), and added to the
NMR sample at a ﬁnal concentration of 10 mM.The ‘q-titration’ experiments were performed by adding long-
chain lipid, 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)
(Avanti), to a previously prepared DHPC micelle sample. The sample
was removed from the NMR tube and placed in a microcentrifuge
tube. The long-chain lipid was added in powder form and the sample
was heated to 42 °C and vortexed until the lipid dissolved;
subsequently, the sample was subjected to several temperature
cycles (42 °C/4 °C) with vortexing to ensure homogenous bicelle
formation. The pH of the sample was adjusted to 4.0, and then
returned to the NMR tube.
The weakly aligned samples used for the RDC measurements
were prepared by soaking the protein/micelle solution into dried
acrylamide as described previously [29,30]. A gel containing 5% total
acrylamide and 0.15% N,N′-methylenebisacrylamide was cast in a
medium-walled 3.5-mm NMR tube. The polymerization reaction
was initiated by the addition of 0.05% ammonium persulfate and
0.5% N,N,N′,N′-tetramethylenediamine. The gel was removed from
the tube and cut to a length of 3.0 cm. The gels were dialyzed in
water for 2 days and dried in an oven at 37 °C for several days. The
protein-containing solution was added to the dried gel in a
symmetric NMR microtube (Shigemi Inc., www.shigeminmr.com).
Compression of the gel was achieved by limiting the length of the
gel during the swelling step using a plunger set at the desired
height of 2.1 cm. The tube was sealed with Teﬂon tape and left to
soak for 24 hours at 37 °C.
The sample for solid-state NMRwas prepared using the previously
described protocol [31]. Puriﬁed p7 protein was dissolved in 9.5 mg of
1,2-di-O-hexyl-sn-glycero-3-phosphocholine (6-O-PC) in 100 μl of
water with vortexing. Once dissolved, the protein/lipid micelle
mixture was added to 45.6 mg of 14-O-PC in 100 μl of water. The
sample containing a lipid/volume concentration of 28% and q of 3.2
was then subjected to temperature cycles (42 °C/4 °C) with vortexing
until the mixture became clear and displayed the proper phase
transition associated with bicelle formation. The pH was adjusted to
4.0 with the addition of a small amount of 0.1N NaOH.
2.3. NMR spectroscopy
The solution NMR experiments were performed on a Bruker
Avance II 800 MHz spectrometer (www.bruker-biospin.com) using a
triple-resonance probe (1H–13C–15N) with three-axis pulsed ﬁeld
gradients at 50 °C. The spectra were referenced to the 1H resonance
of water at 4.70 ppm. For deuterium fractionation and bicelle
titration experiments, the fast 1H–15N HSQC pulse sequence [32]
was performed with 1024 t2 points and 256 t1 points. Backbone
resonance assignments were made using a standard three-dimen-
sional HNCA experiment on uniformly 15N–13C protein samples [33].
For 1H–15N heteronuclear NOE measurements, interleaved data
were recorded with and without 3 seconds of saturation of the 1H
resonances between scans using the pulse sequence described by
Farrow et al. [17].
Backbone amide J coupling values were measured for an isotropic
sample and a weakly aligned sample using a modiﬁed 1H–15N in-
phase/anti-phase (IPAP) HSQC pulse program [30]. Residual dipolar
coupling values were measured by calculating the difference of in-
phase anti-phase JD-splitting for the two samples. The RDCs were ﬁt
with a sinusoid in Matlab (Mathworks, www.mathworks.com) using
a sliding window method to ﬁnd the best ﬁts. The solid-state NMR
experiments were performed on a 700 MHz Bruker Avance spec-
trometer with a homebuilt double-resonance probe with a solenoid
coil and strip shield [34]. The two-dimensional magic sandwich-based
separated local ﬁeld spectroscopy (SAMMY) spectrum [35] was
obtained at 42 °C with 1024 t2 points and 80 t1 points.
The NMR data were processed using NMRPipe [36], and the ﬁgures
were prepared using Sparky (T.D. Goddard and D.G. Kneller, SPARKY
3, University of California, San Francisco).
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3.1. Assignment of p7
The backbone amide resonances in the two-dimensional 1H–15N
HSQC spectrum of uniformly 15N-labeled p7 in DHPC micelles shown
in Fig. 1 have been assigned, as indicated by the annotations of the
amino acid residues. The spectrum is remarkably well resolved for a
helical membrane protein in micelles as a result of the successful
optimization of protein puriﬁcation, sample preparation, and exper-
imental conditions [26]. The resonances were assigned using a
combination of two- and three-dimensional experiments on uni-
formly and selectively isotopically labeled protein samples. The
through-bond connectivities identiﬁed from a three-dimensional
HNCA experiment are shown in Fig. 2. In this experiment, the amide
nitrogen hydrogen chemical shifts are correlated with those of the
intra-residue alpha carbon and preceding (n-1) interresidue alpha
carbon to yield a spectral representation where the peaks from
neighboring residues can be correlated to provide sequential
resonance assignments. These results were supplemented with
through-space connectivities identiﬁed in a two-dimensional HSQC–
NOESY spectrum obtained on a uniformly 15N-labeled sample and
two-dimensional HSQC spectra obtained on selectively 15N-labeled
samples to yield the complete set of assignments shown in Fig. 1.
Fortunately, we were able to assign all of the protein resonances
without invoking other triple-resonance experiments because the
spectra of p7 are extraordinarily well resolved for a helical protein.
3.2. Deuterium/hydrogen fractionation
Deuterium/hydrogen solvent exchange properties of the backbone
amide sites of p7 in DHPC micelles were characterized by comparing
resonance intensities in two-dimensional 1H–15N HSQC spectra
obtained on samples containing various ratios of H2O and D2O. The
spectrum of a sample with 75% D2O (Fig. 3B) contains many
resonances, although those from residues in the interhelical loop
region are clearly diminished in intensity. Notably, resonances fromFig. 1. Two-dimensional 1H–15N HSQC solution-state NMR spectrum of uniformly 15N-
labeled HCV p7 in DHPC micelles at pH 4.0 and 50 °C. The spectrum is fully assigned
with each of the backbone amides labeled.residues near the N- and C-termini of the protein, although reduced in
intensity, can be observed. In a spectrum obtained on a sample with
90% D2O (data not shown) only seven signals are present, and they are
assigned to the vicinal residues 25F and 26F and the unusual stretch of
leucines 50, 51, 52, 53, and 54, suggesting that these residues are part
of stable structural elements.
3.3. Paramagnetic relaxation enhancement measurements using
Mn2+-EDTA
Paramagnetic relaxation enhancement monitors solvent accessi-
bility of residues, since chelated manganese added to the solution
does not partition into the hydrophobic interior of the micelles;
therefore, it only affects the relaxation properties of residues exposed
to the aqueous solvent reducing their intensity through line
broadening. The addition of Mn2+ complexed to EDTA demonstrates
that residues in both of the termini and the loop region are exposed to
the aqueous solution, on the exterior of the micelle. As a result, only
resonances from residues in the transmembrane helical regions are
observed in the spectrum shown in Fig. 3C.
3.4. Bicelle titration experiments
A series of two-dimensional 1H–15N HSQC spectra were used to
monitor the effects of increasing q values of the bicelles on p7. The ‘q-
titration’ experiment was initiated with a p7-containing bicelle
sample with a q value of 0.1. As the long-chain lipid, DMPC, was
added to the solution, the differential broadening of some resonances
was observed in the spectrum. In the spectrum (Fig. 3D) obtained
from a sample with q=0.5 there is a sharp contrast between
resonances from residues in the transmembrane helices and those
at the termini. The resonances from signals in the transmembrane
helices are broadened out completely as a consequence of their slow
correlation time. Interestingly, the signals from residues 2 to 16 are
not affected to the same extent, suggesting that there are some
internal motions affecting this region of the protein.
3.5. Analysis of the data
The experimental data obtained on p7 in DHPCmicelles are plotted
as a function of residue number in Fig. 4. Organized in this way, they
demonstrate that the prevailing view of p7 as a simple ‘hairpin’ of two
transmembrane helices is too simplistic. Seven distinct structural
segments of the protein identiﬁed based on the experimental data are
shown schematically at the top of the ﬁgure. Information about the
structure and dynamics of the segments are contained in the NMR
data and can be separated through interpretation and comparisons.
Themost informative results are in Fig. 4A, which is a plot of 1H–15N
RDCs as a function of residue number. The dots are the experimental
data points, and the sinusoids that have been ﬁt to the regular
oscillations of the data represent dipolar waves that deﬁne the helical
secondary structure.
The RDCs were measured from a weakly aligned sample of
uniformly 15N-labeled p7 in DHPC micelles in a compressed 5% acrylic
acid charged gel. Based on the structural periodicity of theα-helix, 3.6
residues per turn, a set of sinusoidal waves was ﬁt to the data and
identiﬁed four helical segments, two in each of the transmembrane
helices predicted on the basis of hydropathy plots. The ﬁrst dipolar
wave starts at residue 6 and continues to residue 16 where there is a
marked discontinuity in phase and amplitude separating it from the
second helical segment between residues 17 and 27. There is an
irregular pattern of RDCs between residues 28 and 36, which could
not be ﬁt with a sinusoidal wave with low RMSD. This is characteristic
of an interhelical loop, as observed in other bitopic membrane
proteins. The C-terminal portion of p7, 41 to 57, is alsomade up of two
helical segments that differ in their relative orientations. The second
Fig. 2. Assigned strip plots from the three-dimensional HNCA spectrum of p7. The connectivities of neighboring amino acids are shown, demonstrating how the protein resonances
were assigned.
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P58. The ﬁve residues at the N- and C-termini appear to be
unstructured and mobile based on their near-zero RDC values. The
RDC values of helices A and C are uniformly small, most likely due to
internal motions of these helical segments.
Several other sets of data are plotted and demonstrate the
consistency of the measurements. The chemical shifts of the alpha
carbon resonances measured from the HNCA experiment are plotted
as a function of residue number in Fig. 4B. Deviation from the chemical
shift index (CSI) random coil values is consistent with the presence of
the alpha helices identiﬁed by the dipolar waves in Fig. 4A. These data,
along with the values from the 1H–15N heteronuclear NOE measure-
ments (Fig. 4C) and the resonance intensities as a function of residue
number plot (Fig. 4D), suggest that the protein consists of helical
segments that constitute two transmembrane helices separated by a
short, structured interhelical loop.
The deuterium fractionation studies also identiﬁed the secondary
structure elements of the protein, since hydrogens that participate in
stable hydrogen bonds, like those in transmembrane helices, preferen-
tially bind 1H over 2H. The relative intensity plot of the sample in 75%
deuterium oxide suggests that some secondary structure is present at
the N-terminus (Fig. 4E). This is conﬁrmed by the paramagnetic
perturbation data, which has a similar proﬁle (Fig. 4F). One notable
difference in the two plots is the reduced intensity of the third helical
segment in the presence of deuterium oxide, which suggests that the
third helical segment is mobile and/or exposed to the aqueous solution
to facilitate exchange of amide hydrogens.
The bicelle ‘q-titration’ experiment also provided information
about the secondary structure of p7. By increasing the q value of the
bicelle to 0.5, it is clear that themajority of residues in transmembrane
helices are immobilized in the bicelle environment and that other
residues have sufﬁcient local motions to give observable resonances
in solution-state NMR experiments.
Taken together, these data indicate that p7 has a remarkably
complex structure. It contains four helical segments within the twoFig. 3. 1H–15N HSQC spectra of uniformly 15N-labeled HCV p7. (A) p7 inmicelles in H2O. (B) p
micelle samples contained 125 mM DHPC. For deuterium exchange experiments, the sampl
sample for PRE experiments. The isotropic bicelle sample contained DMPC and DHPC (q=0transmembrane helices predicted by hydropathy plots. A representa-
tion of the correlated secondary structure data of p7 is shown above
the plots in Fig. 4 illustrating the seven distinct sections of the protein.
It shows that the N- and C-termini as well as the loop containing the
charged residues K33 and R35 are short segments and highlights the
four helical elements of the protein sequence.
4. Discussion
The acquisition of high-resolution NMR spectra of highly pure
isotopically labeled p7 in DHPC micelles provided a great deal of
information about the structure and dynamics of the protein. We
measured the residual dipolar couplings of weakly aligned protein in a
polyacrylamide gel providing reliable data on the helical boundaries
of the protein in a phospholipid environment. These results will also
contribute angular constraints for determining the full three-
dimensional structure of p7. To develop a more detailed character-
ization of the helical segments, a combination of NMR experiments
was performed to look at the structural elements of the protein over a
large range of timescales. By using deuterium exchange, paramagnetic
relaxation enhancement, and bicelle titration experiments, we were
able to show that the four helical segments differ in their segmental
motions although they all residewithin the hydrophobic environment
of the micelle. For instance, a small portion of the N-terminal
transmembrane helix, residues 5 through 15, was found to be helical
and buried in the lipid micelle but its mobility is not restricted in the
formation of larger bicelles. The same is true for the third helical
segment. But unlike the ﬁrst helical segment, where the mobility
probably results from an absence of membrane anchoring residues,
the dynamics of this helix may be related to its proximity to the short
interhelical loop, and ampliﬁed by the presence of a helix-breaking
proline at residue 37. The second helical segment, also attached to the
loop, does not show evidence of internal dynamics, most likely
because it is anchored at the polar/apolar interface of the lipid micelle
by a tryptophan (W30) and a tyrosine (Y31). The fourth helical7 in micelles in D2O. (C) p7 inmicelles with Mn2+-EDTA. (D) p7 in isotropic bicelles. The
e was prepared in 75% D2O. Mn2+-EDTA at a concentration of 10 mM was added to the
.5).
Fig. 4. Secondary structure plots of p7 in DHPC micelles. (A) 1H–15N residual dipolar
couplings are plotted with the dipolar waves superimposed. (B) Cα chemical shift
index values. (C) 1H–15N heteronuclear NOEs. (D) 1H–15N HSQC intensities. (E)
Relative intensity plots for a sample containing 75% D2O. (F) PRE data from a sample
containing 10 mM Mn2+-EDTA. (G) Intensities from an isotropic bicelle sample with
q=0.5 (G). A schematic representation of the seven structural elements of p7 is at
the top of the ﬁgure.
Fig. 5. Two-dimensional solid-state SAMMY spectrum of uniform 15N-labeled p7 in
magnetically-aligned 14-O-PC/6-O-PC bilayers (q=3.2, wt./vol.=28%). The spectrum
was obtained at 42 °C at 700 MHz. Simulated PISA wheels of tilt angles 10° and 25° are
superimposed on the spectrum.
Fig. 6. Schematic structural representation of p7 in a phospholipid bilayer. Each of the
seven structural segments is shown, with the four helical segments labeled A through D.
The dynamic helices, A and C, are differentiated by their diagonal line pattern. The loop
containing the two basic residues is shown facing the ER lumen while the N- and C-
termini are shown exposed to the cytosol. The helical segments labeled B and D are
shown tilted at 25° and 10°, respectively.
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deuterium exchange experiments corresponding to the string of
leucines in the sequence. These ﬁndings demonstrate that a
hydropathy plot is not sufﬁcient for predicting secondary structure
of a protein and that solution NMR can provide unique information
about protein structure and dynamics.
A solid-state NMR separated local ﬁeld spectrum was obtained for
p7 in magnetically aligned 14-O-PC/6-O-PC bilayers (Fig. 5). The
signal intensity in the two-dimensional spectrum between 80 and
110 ppm shows that the protein is aligned in the phospholipid bilayer.As described previously [37], an overlay of simulated polar index slant
angle (PISA) “wheels” indicate the protein contains helices that are
approximately 10° and 25° tilted from the bilayer normal. The
secondary structure data demonstrates that the helix tilted 10° away
from the bilayer normal consists of residues L50 through L57. Our
results show that the two predicted transmembrane helices are of
different lengths, and since the second helix is shorter, it requires a
smaller tilt angle to span themembrane. On the other hand, the longer
helix can accommodate a larger tilt angle, possibly in the second
helical segment. A representation of p7 in the bilayer that is consistent
with the secondary structure derived from the solution-state NMR
experiments obtained onmicelle and isotropic bicelle samples and the
solid-state NMR data obtained on a bilayer sample is shown in Fig. 6.
The protein has four helical segments that vary in length and dynamic
properties. The interhelical loop is shown pointing toward the
endoplasmic reticulum (ER) lumen and the two termini protruding
out into the cytosol, as suggested in previous reports [11,12]. This
illustration serves as a model for the secondary structure of p7 in a
membrane environment and sets the stage for determining the three-
dimensional structure of the protein.
p7 is not the ﬁrst protein from the viroporin family to be studied in
detail. A considerable amount of information has been learned about
the structure and dynamics of other viroporins including vpu from
1453G.A. Cook, S.J. Opella / Biochimica et Biophysica Acta 1808 (2011) 1448–1453HIV-1 and M2 from the inﬂuenza virus. Although the structures of
these two proteins are quite different from p7, they share a number of
structural and functional characteristics. We know that viroporins
play a crucial role in the lifecycle of the viruses that encode them and
that they make attractive targets for therapeutics. Like Vpu and M2
proteins, the channel activity of p7 is blocked by the addition of
amantadine. By determining the mechanism by which this inhibition
occurs through a combination of structural and functional studies, it
may be possible to identify additional agents that block multiple
viroporins and diminish the infectivity of these viruses.
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